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Abstract—Recently wireless power transfer technology (WPT)
attracts considerable attention, its incurred electromagnetic ra-
diation (EMR), however, is largely overlooked by most existing
literatures. In this paper, we first propose and study the radiation
constrained fair wireless charging problem, i.e., maximizing the
minimum utility of devices by adjusting the power of wireless
chargers with no EMR intensity at any location in the field
exceeding a given threshold R;. To address this problem, we
first adopt an area discretization method to transform it from
nonlinear to linear. Then, we propose two algorithms to deal with
the reformulated problem. One is called Primal-Dual algorithm,
which is semi-distributed and uses lagrangian dual and sub-
gradient methods to solve the problem iteratively. The other is
called area division algorithm. It is not only fully distributed and
scalable with network size, but also provably achieves an ap-
proximation ratio of (1 —¢). We conducted extensive simulations
and built a field test-bed to verify our theoretical findings. Our
simulations show that the approximation ratio of the area division
algorithm holds; the Primal-Dual and area division algorithms
can have comparable and over 90.9% performance of the optimal
results, respectively; and both of the algorithms outperform a
baseline algorithm by more than 37%.

I. INTRODUCTION

Nowadays, Wireless Power Transfer technology (WPT) has
been attracting increasing attention around the world for
its convenience and reliability. WPT can wirelessly provide
energy for a great variety of consuming end-devices, such as
RFIDs [1], sensors [2], cell phones [3], laptops [4], electric
vehicles [5], wearables [6]. According to a report, the global
wireless charging market is expected to reach nearly US$9.95
billion in 2018 [7].

There are lots of research works studying energy charging
efficiency (e.g., [8]-[13]). However, most of these works
neglect one critical issue for WPT, that is, the safety of
electromagnetic radiation (EMR). High EMR has been widely
recognized as a threat to human health. It causes risks of
diseases such as mental diseases, tissue impairment, and brain
tumor. It is even more dangerous and harmful to pregnant
women and children [14]. A few researchers [14]-[18] have
taken care of EMR safety caused by WPT over the past
few years. These works consider charging issues under the
prerequisite of guaranteeing EMR safety, and most of them
aim to maximize the overall charging utility of devices.
However, this optimization goal may be not suitable for all the
application scenarios. First, some devices may become victims
under such schemes and receive low or even none charging
power. They may keep in such energy-hungry status for a

long time, which could heavily disrupt their normal operation.
Second, the incurred charging unfairness could downgrade the
overall performance of the whole network composed by the
rechargeable devices. For instance, for wireless rechargeable
sensor networks [8], the network lifetime is defined as the
time duration from the starting time of the network to the
time point when there is a sensor node that begins to run
out its energy. Therefore, it is often desirable to achieve
charging fairness in order to elongate the network lifetime for
wireless rechargeable sensor networks. In this paper, we for
the first time consider the charging fairness of rechargeable
devices under EMR constraints. In particular, our goal is to
maximize the minimum charging utility among all devices in
the network with no location of the field exceeding the EMR
safety threshold.

There are some literatures considering the EMR safety in
studying charging efficiency issue. Most of these literatures
concentrate on optimizing the overall charging utility of de-
vices. For example, [14], [15] maximize the total utility of all
the devices in the network. To the best of our knowledge, none
of the existing literatures considers the charging fairness for
wireless power transfer technology.

There are two major technical challenges to address the
considered problem. The first technical challenge is that guar-
anteeing any point over the charging area under EMR safety
threshold causes infinite constraints, which is an intractable
problem. The second technical challenge is that distributed
algorithms or partially distributed algorithms with low com-
putation cost at each node are desired due to the potential large
size of wireless sensor networks.

For the first problem, we employ the area discretization
method to transform infinite constraints into finite constraints.
For the second problem, we propose two algorithm to tackle
it. One is a semi-distributed algorithm, named by Primal-
Dual algorithm. We adopt lagrangian dual method to trans-
form constrained nonlinear convex optimization problems into
unconstrained convex optimization problem and the complex
problem is decomposed into primal problem and subproblems,
which are easier to address. As one target function of the sub-
problems is not strictly convex and non-differentiable which
invalidates traditional gradient methods, we use sub-gradient
algorithm instead of gradient method to solve the reformulated
problem. The algorithm is semi-distributed in the sense that
it needs a network-wide information dissemination at each



iteration. The other is a fully distributed algorithm, named
by area division algorithm. The basic idea of the algorithm is
as follows. First, it proposes a kind of scheduling policies
that partition the whole area into subareas, and switch off
the chargers lying on the boundaries of these subareas such
that we can safely consider the optimization problem in each
subarea independently. Then, it enumerates a fixed number of
such scheduling policies and forges a final scheduling scheme
based on these policies. The algorithm is fully distributed
in that it is performed on each charger and merely requires
related information from surrounding chargers within a certain
distance. Moreover, we prove that the algorithm achieves
(1 — €)-approximation ratio.

We conducted extensive simulations and field experiments
to verify our two algorithms. The simulation results show that
our algorithms outperform one comparison algorithm by more
than 37%, and are very close to another comparison algorithm,
which is centralized and has the optimal results, in terms of
error threshold e, iteration number, EMR threshold R;, device
number. The field experimental results show that all the EMR
values in the area are below a given threshold I; and the
charging utilities are consistent with the simulation results.

II. RELATED WORK

Energy efficiency issue concerning electromagnetic radia-
tion (EMR) safety for wireless power transfer has received
more and more attention over the past few years. Dai et al.
[14] raised EMR safety problem for the first time and studied
the energy efficiency problem under EMR safety guarantee in
wireless sensor networks, and further explored the issue for
adjustable chargers in [15]. [14] and [15] studied maximizing
the overall utility of all devices, while we focus on maxi-
mizing the minimum utility for all devices under EMR safety
guarantee. In [16], Dai et al. studied the fundamental issue of
wireless charger placement with EMR safety constraint. They
also investigated the wireless charging task scheduling with
the same constraint in [17]. In [18], Sotiris et al. aimed to
optimize the efficiency of wireless energy transfer under EMR
constraints and achieve good trade-offs between charging
efficiency and radiation level.

ITI. PROBLEM STATEMENT

A. System Model

Consider a wireless charging network distributed in a 2D
plane with n identical stationary wireless power chargers
S = {s1,82,...,8,} and m rechargeable devices O =
{01,02,...,0m}. We assume that the power level of chargers
is adjustable and the adjusting factors z; can continuously
change from 0 to 1. A charger has maximum power value with
x; = 1. The rechargeable devices maintain normal working
by harvesting wireless power originated from the chargers, the
received power P(d) by a device from a charger with distance
d can be quantified by an empirical model [8], i.e.,

—*—. d<D
P(d) = { (@8’ - 1)
(@) {0, d> D.

TABLE I
NOTATIONS

Symbol [ Meaning

si, S | Charger 4, charger set

0;, O | Device j, device set

Received power from distance d

D | Charging distance or charging radius

d(si,0;) | Distance from charger s; to device o;
d(si,p) | Distance from charger s; to point p
u(o;) | Charging utility of device o;
e(d), e(p) | EMR from distance d, EMR at point p

z; | Adjusting factor of charger s;
R; | Hard threshold of EMR safety

where « and (3 are known constants determined by the
hardware parameters of the charger and the receiver as well
as the surrounding environment, and D denotes the farthest
distance a node can receive a non-zero power from the charger,
which we called charging distance or charging radius. Because
of hardware constraints, a device with a certain distance from
the charger will fail to receive the energy. In addition, we
assume the wireless power received by a node from multiple
charges is additive [8], [14], [15], and the charging utility of a
device is in proportion to the charging power. Then, we have

u(o;) = C1 Y P(d(ss,0;))as, @)
i=1

where C is a predetermined constant and d(s;,0;) is the
distance between the charger s; and the device o;.

We adopt the EMR model presented in [14] that defines the
intensity of EMR to be proportional to the charging power.
Then the accumulated EMR at a point p is

e(p) = Y e(d(si,p)) = C2 Y P(d(si,p))i- ©)
s;€S s;€8
where C is a predetermined constant and d(s;, P) is the
distance between the charger s; and the point p. In addition,
we assume that EMR is also additive.
Table I lists the notations used in this paper.
B. Problem Definition

In this subsection, we describe our problem mathematically
based on the aforementioned models.

For EMR safety, we need to ensure intensity of EMR for
any point within a safe limit in the 2D plane, i.e., no place will
have the accumulated EMR exceeding the threshold denoted
by R;. The EMR safety guarantee can be expressed as follows

¥p e R*, Co ) P(d(si,p))z: < Ry
i=1
Our goal is to maximize the minimum charging utility

among all the devices to achieve fairness. Hence our problem
can be defined as follows

(Pl) max min Cl Z P(d(si, o]-))ﬂci

i=1

st. VpeR? O, ZP(d(si,p))xi < Ry,
i=1

0<z: <1 (i=1,...,n). )



IV. PROBLEM REFORMULATION

As the number of constraints in problem P1 is infinite, it
is hard to find a solution to the problem. In this section, we
first transform the original intractable problem with infinite
constraints into a tractable one with finite constraints by using
a method called area discretization [15]. Then our problem
can be reformulated and become easier to solve.

In this section, we will briefly introduce the area discretiza-
tion method by which constraints in our problem can be
reduced in size from infinite to finite. For a detailed discussion
on area discretization method, please refer to [15].

The area discretization method discretizes the 2D area by
drawing K concentric circles with different radiuses for each
charger. These circles split the whole network into multiple
subareas as shown in Fig. 1.
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Fig. 1. Tllustration of area discretization
The main procedures or conclusions of the method are listed
as follows.

o The subarea faces are shaped by concentric circles and the
radiuses of these circles are defined as ¢(0) =0, {(K) =
D, and (k) = B((1+€&)F2 1), (k=1,...,K —1)
where ¢ is a pre-specified small number.

o The EMR value e(d) for any position is approximated
by function (d). Furthermore, The approximated EMR
for any point in the same subarea [, are uniform. The
function £(d) is defined as

e(£(0)),d = £(0)
e(t(k — 1)), 0(k —
0,d > D.

e(d) = 1) <d</{k)(0<k<K)

(%)

o The approximation error of any position p in the subarea
I, satisfies

e(p)

<l+e VpeF,. (©6)
e(p)

e Based on the geometry theory in [19], the number of
subareas Z satisfies

Z =0(ne?). @)

where n is the number of the chargers.

After the approximation procedures of area discretization,
we transform the number of constraints in P1 from infinite to
finite. As a result, our original problem is reformulated as

(P2) maxmin C; Z P(d

st CQZ Pyzi <Ri, (q=1,...,2)
ngzgl, (i=1,...,n). ®)

(si,05))zi

where P,; is the approximated power from charger s; to the
subarea Iy, and Z is the total number of faces.

V. A SEMI-DISTRIBUTED ALGORITHM

Consider the potential large size of wireless sensor net-
works, we desire distributed algorithms or at least partially
distributed algorithms with low computation cost at each
device. In this section, we first transform the reformulated
problem into a linear program. Then, we employ lagrangian
dual method to resolve our problem into the primal problem
and subproblems, and use sub-gradient algorithm to solve
the problem iteratively. Essentially, the whole algorithm is
semi-distributed in the sense that it requires a network-wide
information dissemination at the end of each iteration.

A. Problem Reformulation and Lagrangian Dual Method

Lagrangian dual method is a prevailing approach to the
convex optimization problem with constraints. It is typically
used to transform constrained nonlinear convex optimization
problems into unconstrained convex optimization problems
which are easier to be addressed. For instance, Shah-Mansouri
et al. [20] used lagrangian dual method to lengthen work
lifetime in WSN. Nevertheless, the program P2 cannot apply
Lagrangian dual method straightforwardly as its target is
maximizing a minimum value, which is not a traditional op-
timization goal. To address this issue, we make the following
reformulation to program P2.

We define variable E as

E=min CiY_ P(d(s:,05))x:. )
i=1
Then problem P2 has the following equivalent programming
formulation.
(P3) min 1

st. CoY Pumi <Ry, (q=1,...,%)

i=1

E<C ZP(d(SlvOJ))wh (] =1,.. '7m)
=1

0<z: <1, (i=1,...,n). (10)

The lagrangian, for A\, > 0, v; > 0, is given by

(E;t A\ v)
*+Z)\ sz
+ZVJE CIZ Pr(

Pyai — Ry)

d(si, 05))i)
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The dual function is expressed as

g\ v) = inf

0<z;<1,(i=1,...,n)

L(E,z,\v)

m

+Zl’3
02 ZZ,\ Pz

g=1 i=1

z
=— Z)\th + min(—

q=1

min
0<z;<1,(i=1

,,,,,

a3 Y

j=11i=1

d(si,05))xi). (12)

Then, the primal problem of our objective is
max g(A,v)
st A >0, (q=1,...,2)
v; >0, (j=1,...,m).

13)

The two corresponding subproblems are

1<
min E+;VjE

(14)

with

min CQZZ)\ Pz — ClzZVJ

q=1 i=1 Jj=11i=1
st. 0<x; <1.

B. Sub-gradient Algorithm

In this subsection, we use the sub-gradient algorithm to
solve the lagrangian dual problem. However, there is a function
of the subproblems that is not strictly convex and non-
differentiable as well. Here we make a minor adjustment to
the objective function by adding a small convex quadratic
regularization term. The detailed theory and explanation can
refer to [21] [22]. Specifically, we now minimize

l +O’i$?.
1=1

Setting o small enough, we can make the solution of the
adjusted problem (16) arbitrarily close to the primal objective
problem (9).

After adding the small convex quadratic regularization term,
the Lagrange function and dual function will be updated
accordingly. The updated lagrangian is given by

d(si,05))x;

(15)

(16)

L(E T, A\, V)
:—Z)\ Ri+ — +ZVJE+CQZZAqPqixi
g=1 q=1i=1

A7)

- Zzyjpr(d

j=1i=1

n
(si,05))mi + aZx?.
i=1

Algorithm 1 Semi-distributed Algorithm at Sink Node
INPUT Iteration number
OUTPUT Parameters in target functions
1: while smaller than iteration number or not meet convergence
condition do
2: Receive A and 1/““) from all dev1ces
3:  Compute >, u ME, Zq 1 A Pax,  for Vi
1 J(k)P (d(sl,oj))arZ for V7,
4: Compute E®) in Equ. (19);
5:  Broadcast Z 1 AF Pyia; and die
the network;
Receive parameter x( ) from all the chargers;

6:
7:  Compute h( ) for Vg, f( ) for Vj in Equ. (20);
8
9

and

vi® P (d(si,05))zi to

: Broadcast h( ) for Vg, f; ®) for Vj to the network.
: end while

The updated dual function is expressed as
A\ v) = inf
9(A.v) ogz,;gll,r(lizl ..... n)
zZ
=— > AgR¢ + min(

g=1

L(E,z,\v)

1 m

E + z_: I/jE)
(Ca Z Z Ao Pyis

g=1 =1

Si,05))xs + UZ.CE?).
i=1

min
0<z;<1,(i=1,...,n

—Ci Y > v P(d(

j=1i=1

(18)

The first sub-problem (14) remains the same, while the
second sub problem (15) is changed by adding the term
oY i

Usmg the sub-gradient algorithm, the solutions of sub-
problems in each iteration step are given by

(% +Zl/jE

EW = arg min

Ek) —arg mlri (Uac +Cy z;)\< Pyix; (19)
q
e ZMP (54, 05))s).
The sub-gradients of (A(*), »(¥)) are given by

zZ

W =R — 2 Py
q=1

1 =—E® 1+ 00 P(d(si, o). (20)

j=1

The above sub-gradients are used in the following iterative
equations

Agkﬂ) = max(0, )\flk)

(k+1)
vj

— o hgk))

= maz(0,\") — ax fM). @

We will repeat the iterative step until the result converges,
then we obtain the solution to the primal problem.



Algorithm 2 Semi-distributed Algorithm at Chargers

m*4D ) o D2DD

INPUT Initial z; and parameters of problems
OUTPUT Solution to sub-problem z*, A{**") and »/{**"

1: Receive Zle /\((Zk)Pq,' and > 7, V;k)Pr(d(si,oj)) from sink
node;

: Compute xék) in Equ. (19);

: Broadcast xi to the network;

: Receive sub-gradient hék) and f;k) from sink node;

: Compute )\ék“) and I/J(-k-H) in Equ. (21);

: Broadcast Aékﬂ)

AN B W

and I/](-k+1) to the network.

C. Primal-Dual Algorithm Description

In this subsection, we present the detailed procedure for
each iteration. Algorithm 1 lists the processing steps at sink
node and Algorithm 2 gives the processing steps at each
charger. Most of parameters, which are required for further
computation in Algorithm 2, are outputs of Algorithm 1. In
particular, xgk) in Step 5 for Algorithm 1 is from the output in
Step 2 for Algorithm 2. The whole computation process needs
the coordination between the sink node and the chargers. At
each iteration, the sink node needs to collect the information
from all devices for parameter computation and broadcast
the results, which incurs high network-wide communication
cost. Therefore, the Primal-Dual algorithm is essentially a
semi-distributed algorithm, and may not be practical for real
applications.

VI. A FULLY DISTRIBUTED ALGORITHM

In this section, we propose a fully distributed (1 — ¢)-
approximation algorithm, which is area division algorithm.

A. Key Ideas of Area Division Algorithm

The key intuitions of the area division algorithm are as
follows. First, we split problem P2 into minor ones and solve
them in a distributed manner. In particular, we develop an area
division scheme to divide the whole area into many subareas,
and turn off the chargers lying on the boundaries of the subar-
eas to prevent mutual interference of charging power and EMR
from neighboring subareas. Thus, we can safely execute a
local linear programming approach to determine the adjusting
factors of the chargers in each subarea in a distributed manner.
Second, to avoid the uncertainty of performance for adopting a
certain area division scheme and achieve some predetermined
performance bound, we consider a fixed set of area division
schemes and come up with a feasible solution that achieves
(1 — €)-approximation ratio based on these schemes.

B. Description of Area Division Algorithm

First, we divide the whole area into uniform squares with
size 4D x4 D, where D denotes the farthest distance a charger
can reach. Each charger and device can be easily classified
into a special square according to their location and global
reference anchor point. Chargers in each square then elect a
square head as a delegator for computing tasks in this square.
Moreover, we combine m x m squares to form a larger area,
which we call m-zone for short. The parameter m, which
indicates the size of m-zone, is set as ﬁ to ensure
the performance of the final result. For brevity, suppose that

m*4D)| .
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Fig. 2. Overall partition Fig. 3.
the whole area can be grouped into an integral number of m-
zones (if this is not the case, we can always achieve the goal
by adding some imaginary squares).

Then, we execute a kind of area division schemes so that
the whole area will be re-partitioned into some independent
subareas with size at most (m—1) x (m—1) squares, which we
call new m-zones. The square heads in each new m-zone also
elect a m-zone head as a delegator undertaking computing
tasks in this m-zone. We formally use a tuple < 7,5 > to
denote such a scheme, or called area division policy, and
perform it in the following steps. Fig. 2 shows an example
for which all m-zones adopt area division policy < 5,4 >,
and some green strips with width of 4D separate the whole
area into 16 new m-zones. Fig. 3 shows a m-zone out of
these 9 m-zones. In this m-zone, the 5-th row and the 4-th
column shown in colored strips of the m-zone are selected and
segmented into three parts. The chargers located at the central
part of the row and column, or more specifically, in the dark
green strips with width of 2D will be turned off, while the
other chargers in the strips are still adjustable. Here, the 2D
distance is sufficient to avoid the mutual influence of EMR
among different new m-zones and ensure applying the linear
programming methods in each m-zone correctly. Moreover,
the devices lying in all the green strips with width of 4D are
ignored when performing linear programming. In brief, for
any 4D width strips, all the devices located here are ignored,
but only the chargers located in the central part of strips, more
precisely, in the dark green inner 2D width strips are switched
off and the chargers located in the light green D width strips
are still adjustable normally.

Apparently, there are m? possible area division policies (as
1 < 4,7 < m for any policy < ¢, j >). Different area division
policies may lead to different global performance. To improve
the global performance, one may consider to choose the best
area division policy that yields the best performance among
all m2 ones. However, this is questionable for two reasons.
First, as we switch off the chargers lying in the inner 2D
width strips on the boundaries of new m-zones for each area
division policy, the devices that also lie in the strips may
receive small or even no charging power. This contradicts
our optimization goal, i.e., maximizing the minimum charging
for devices. Second, choosing a best area division policy
needs a global knowledge about the performance for all
policies as well as a global decision, which incurs a high
network-wide communication cost and may be unacceptable

m-zone



Algorithm 3 Fully Distributed Algorithm at Square Head

INPUT Error threshold e
OUTPUT Feasible solution (Z1, T2, - - -

Initialization Phase

1: Letm = %,
1—,/1-%

2: Elect a local squazre head;

3: Elect a local m-zone head in each new m-zone for each area
division policy;

Working Phase
1: for all area division policies do
2:  Collect all the information of the chargers and devices inside
the squares;
3:  if it is the new m-zone head then

’ En)

broadcast it to all chargers to build m-zones;

4: Collect all the information from other square heads in the
new m-zone;
5: Equivalently “turn off” the chargers lying in the 2D strips

on the boundaries and “overlook™ the devices lying in the
4D strips on the boundaries, then apply the linear program-
ming approach to compute the local optimal solution in the
new m-zone and obtain the adjusting factors xy "/~ for
the chargers sj, in the new m-zone;

6 Send the results to square heads in this new m-zone.

7 else

8: Receive the results from the m-zone head;

9 Send the results to each charger in the square;

10 end if

11: end for

12: Each charger averages the adjusting factors for all the m2_ area

PHRD D

m?2 :

division policies and gets a solution T =

for real applications. To address this problem, we propose to
enumerate all m? possible area division policies and perform
linear programming method in a distributed manner for all
chargers, and obtain m?2 solutions for each charger. Then, each
charger averages the obtained m? adjusting factors and takes
the final result as its adjusting factor. We will prove in the
next subsection that this conduct can lead to a global feasible
solution that achieves (1 — ¢)-approximation ratio.

Algorithm 3 presents the pseudo-code for the area division
algorithm performed at each square head. In particular, all
square heads and new m-zone heads can be determined
in a distributed manner in the initialization phase, which
can dramatically save the computation and communication
overhead in the working phase, especially when the topology
of the network changes in a fast speed and the working phase
should be frequently invoked. Next, as shown in the for loop
in the working phase, for each new m-zone under each of m?
area division policies, there is a corresponding new m-zone
head responsible for collecting all the information regarding
chargers and devices from all square heads, computing the
adjusting factors of all the chargers, and disseminating the
results to all square heads which then send to their responsible
chargers. When the loop completes, each charger s obtains
m? adjusting factors z "'~ (1 < i, < m). By averaging all
the m?2 solutions, we can obtain the final feasible solution for
each charger sy, marked as Ty, (k=1,--- ,n).

C. Performance Analysis of the Algorithm

The following theorem indicates the performance of Algo-
rithm 3.

Theorem 6.1: The output of the area division algorithm
is a feasible solution, and the algorithm achieves (1 — ¢)
approximation ratio.

Proof: For the area division policy < 7,7 >, we have
the adjusting factors for all the chargers, J;<” T Sh>,
(1 <i,7 <m). We then have

Gy

for any point p inside the subarea Fj,.
By adding up all the inequalities for all policies together,
we can obtain

<i,7>
quk < Ry,

<z,j> <

Gy > D mRi, (22)
and therefore,

m m n x:i’j>

D DD DD DY FC S P NS
m m w<'i,j>
As we set T}, = ===k , we thus have

Cay PuTi < Ri, 24

which indicates Ty, (k = 1,---
problem P2.

We proceed to analyze the performance of the algorithm.
Let U* be the optimal solution for the problem P2. Suppose
that the minimum charging utility of devices located inside
the new m-zones and considered in linear programming for
the area division policy < i,j > is U<%7>, and the charging
utility for device o, for the area d1V1s1on policy < 4,7 >
is U <ij> . Clearly, if ojs is not located at the i-th row and
j-th column we have US> > U<43>_If not, the result is
uncertain. Further, as for each device located inside the new m-
zones and considered in linear programming, all the chargers
that cover it can be freely adjusted (even for the devices lying
on the boundaries of the new m-zones, we still allow the
chargers that lie in the light green strips as shown in Fig. 3 to
cover them) and not affected by chargers from other new m-
zones, so we must have U <> > U*. Consequently, we have
U;w = > U* for devices located inside the new m-zones.

In the process of looping through all m? area division
policies, it is easy to see that for any device o,:, there are
only 2m — 1 possible cases that o, lies in the i-th row or
j-th column for policy < 4,7 > and therefore has uncertain
performance. In other words, in the left m? — (2m —1) cases,

oj must have charging utility that is greater than U*. Then
the charging utility U;, for o; in our algorithm satisfies

Uj/ —Cl Z P
:WC& ; P(d(sk,04)) EZI Z;n:l xp I

1 2 ind 1
2 -

om — DU = (1 — —)2U".
(2m - )]0 = (1- )
Further, as oj is an arbitrary device, let U be the min-
imum charging utility in our solution, then we must have

,m) is a feasible solution to

(Sk,047)

(25)



U > (1—2L)20*. As we set m = [ﬁ
—V/1-3

the initialization phase in Algorithm 3, we then have

L | as described in
m

U>(1—¢/2)U". (26)

Further, suppose that U* is the optimal utility of the original
problem P1 and z}, is the adjusting factor for the charger s,
in the optimal solution. We then have

Cod " P(d(si,p)wi < Ry

for any point p. Suppose the point p belongs to the subarea F7,.

In particular, we set the error threshold for area discretization
algorithm to €/2. According to Equ. (6) in the problem
reformulation section, EMR at p can be approximated as

@7

e(p) = o 3 Py < (1+¢/2)Ce Y P(d(si., p))ai.
k=1 k=1
We immediately have

* n

- Z; *
02;qum < C2ZP(d(Sk,p))xk < Ry,

k=1

which indicates that is a feasible solution for the
problem P2.

As U* is the optimal solution for P2, we thus have

g,
(1+¢€/2)

7* > min C, Z::1 P(d(sk, oj,))ﬁ
> gy G Y Pl 28
> mU* > (1—¢/2)U".
Combining Equ. (26) and (28), we have
U>(1—¢€/2)x(1—¢/2)U" > (1 —¢€)U". (29)
This completes the proof. |

VII. SIMULATION RESULTS

In this section, we conduct extensive simulations to evaluate
the Primal-Dual algorithm and area division algorithm by
comparing them with other two algorithms in terms of error
threshold ¢, iteration number, EMR threshold R;, device num-
ber, and delay. After that, we reveal insights of the algorithms
performance.

A. Evaluation Setup

We assume the chargers and devices are randomly distribut-
ed over a 2D square area. We will specify the numbers of
chargers and devices respectively in each subsection. If no
otherwise stated, we use the following parameter settings. We
set « = 100, § = 40 and D = 5 for the charging model,
C1 =1 for the utility model and C5 = 1 for the EMR model.
The error threshold is € = 0.5, and the EMR threshold is
R; = 0.08. For the Primal-Dual algorithm, the input parameter
Iteration number in Algorithm 1 is set 2000 at first for the
results almost converge after 1500 iterations and will be reset
3500 when we broaden the square area to 200 m x 200 m with
more devices and chargers distributed here.

B. Baseline Setup

In our simulations, we compare our proposed algorithm
with two other algorithms. The first algorithm is named by
the Fminimax algorithm, which calls the fminimax procedure
provided by Matlab library to solve the problem presented
in our paper. The algorithm is centralized and has optimum
results. The second algorithm is named by the Adjusting Factor
Controlling algorithm. In the Adjusting Factor Controlling
algorithm, the adjusting factors of all the chargers begin with
0 and increase by a little more in each iteration. In the whole
process, the adjusting factors of all the chargers always have
the same value and gradually increase simultaneously till there
are EMR constraints going to be violated, then we get the final
adjusting factors and the final result.

C. Performance Comparison

1) Impact of iterations number: First, we randomly scatter
15 chargers and 70 devices over a 100 m x 100 m 2D square
area with D = 15. As shown in Fig. 4, the Primal-Dual
algorithm converges to the ending result over 1500 itera-
tions and on average the result outperforms the Adjusting
Factor Controlling algorithm, AFC in short, by 138.0%, and
almost reaches 92.2% of the Fminimax algorithm. Although
the Fminimax algorithm always has optimum results, it is
centralized and not suitable for our networks for the con-
siderable computing tasks. To further verify the performance
of our proposed solution, we broaden the square area to
200 m x 200 m and enlarger the number of devices to 500, and
chargers to 50. As depicted in Fig. 5, the minimum utility of
our proposed solution still outperforms the Adjusting Factor
Controlling algorithm by 54.1%, and reaches 93.2% of the
Fminimax algorithm over 2500 iterations.

2) Impact of Threshold e: In this subsection, we examine
the influence of the error threshold € on the minimum utility,
particularly focusing on area division algorithm. We scatter
150 chargers and 400 devices over a 400 m x 400 m square
area while the error threshold e fluctuates between 0.05 and
0.4. As depicted in Fig. 6, the minimum utilities of Primal-
Dual algorithm and Fminimax Algorithm are almost equal and
relatively stable on the whole, while the utility of the area
division algorithm declines with the increase of threshold e.
Specially, our area division algorithm is always larger than
(1 — €) of the optimal value and outperforms the Adjusting
Factor Controlling algorithm by 63.1% on average.

3) Impact of EMR Threshold R;: We scatter 50 chargers
and 200 devices in a 500 m x 500 m square area with € = 0.1.
As illustrated in Fig. 7, the achieved minimum utilities of
the Primal-Dual algorithm and the Fminimax algorithm are
close to each other. On average, the area division algorithm
outperforms the Adjusting Factor Controlling algorithm by
37.7% and reaches 90.2% of the Fminimax algorithm for
all the R, values shown in the figure. The percent 90.2% is
bigger than (1 — ¢€) as e = 0.1, this verifies the Theorem 6.1
once again. The minimum utilities of the four algorithms grow
with the increase of EMR threshold R; when the R; value
is below 0.07, while the minimum utilities of our proposed
algorithms and Fminimax algorithm stabilize at the peak when
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the R; goes beyond 0.07. The results of the three algorithms
first increase rapidly and then smoothly, and finally stabilize
to a constant. This is because when the EMR threshold R;
increases to some large enough value, all the chargers in the
area are adjusted to their maximum power and therefore the
utility of each device will become constant.

4) Impact of Device Number: Suppose that there are 50
chargers and variable number of devices are distributed in
a 500 m x 500 m square area with € = 0.1. Our simulation
results show that the achieved minimum utility of the Primal-
Dual algorithm is almost equal to that of the Fminimax
algorithm. Moreover, the area division algorithm outperforms
the Adjusting Factor Controlling algorithm by 38.6% and is
equal to 90.9% of the Fminimax algorithm on average. Fig.
8 shows that the minimum utilities of the four algorithms
don’t undergo conspicuous changes with a rise of device
number. This is because if the number of devices is sufficiently
large, the distance between adjacent devices would become so
small that their amounts of received aggregate power are quite
similar, and consequently the computed adjusting factors for
all chargers don’t change much and the minimum utility is
relatively stable when the number of devices increases.
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5) Impact of Network Size on Delay: We set the density of
chargers in our area to be a constant 1/500, and set D = 25,
e = 0.9. Suppose that the communication radius is twice the
charging radius, that is 50. As shown in Fig. 9, the delay of
Fminimax algorithm and Adjusting Factor Controlling algo-
rithm is nearly proportional to the network size because the
two algorithms are centralized and the overall communication
distances of them are closely related to the network size. In
contrast, the delay of the area division algorithm merely floats
in a small scale without substantial growth as the network size
gets larger. The reason is that the algorithm is fully distributed
and only requires local communication within a subarea, which
is determined by the € and isn’t affected by the network size.
Note that we didn’t plot the delay of the Primal-Dual algorithm
in Fig. 9 as it is too large, which is at least 2000 times that

threshold Ry
of Fminimax and Adjusting Factor Controlling algorithms.
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Fig. 10. Utility of devices for Four Algorithms

D. Insights

Suppose that there are 50 devices and 150 chargers deployed
in a 500 m * 500 m field. We observe the utility of each of 50
devices. Fig. 10 shows the utility distribution of devices using
four different algorithms. The minimum utilities are 0.03727,
0.03926, 0.03185, and 0.03772 for the Primal-Dual algorithm,
Fminimax algorithm, Adjusting Factor Controlling algorithm,
and area division algorithm, respectively. The results are
accordant with the simulation analyses above. Besides the
minimum utility, the utilities of all the devices for the four
algorithms are relatively similar to each other as our problem
mainly considers the fairness of charging, so the distribution
of the utilities among the devices illustrates the effectiveness
of our work. Among these algorithms, the utilities of devices
for the Adjusting Factor Controlling algorithm appear most
uniform due to the fact that it requires all the chargers sharing
the same adjusting factor. Furthermore, the slight gap between
our proposed algorithms and the optimum solution further
validates the effectiveness of our proposed algorithms.

VIII. FIELD EXPERIMENTS
In this section, we verify our theoretical results by imple-
menting our scheme on a real test-bed.

A. Test-bed

The Fig. 11(a) demonstrates the test-bed that consists of
two rechargeable sensor nodes and eight TX91501 power
transmitters produced by Powercast [2] [23] and covers an
area of 2.4 m 2.4 m. One sensor node is placed at the center
of the square area and the other is on the left side of the first
one with distance 0.4 m, while 8 power transmitters are placed
on the vertices and middle points of edges of the square area,
as shown in Fig. 11(a). Besides these, we utilize an access
point (AP) connecting to a laptop. The AP can collect the
information of the power of sensors received from the chargers
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and send this information to the laptop for data recording and
analysis. Fig. 11(b) shows the RF field strength meter which
we use to measure the intensity of EMR.

We place charger 1 to 8 at the predetermined angle 296.56°,
296.56°, 243.44°, 26.56°, 153.44°, 63.44°, 116.56° and
116.56°, respectively. According to [24], [25] as well as based
on our experimental results, TX91501 power transmitters are
directional and their charging area can be modeled as a sector
with angle 60° and radius 4m. In addition, the power of
TX91501 power transmitters is not adjustable, we approxi-
mately simulate the transmitters as adjustable by putting a
piece of copper foil stripe with proper length and width in
front of chargers and regulating its position and bending angle
such that the intensities of power and EMR of these chargers
approach a desired level.

Tlustration of field experiment

B. Experimental Results

As Fig. 12 illustrates, we compare the utility computed
based on modeling parameters with the real utility under three
different R; values to verify our area division algorithm. In
particular, the modeling parameters refer to the values adopted
by [15], for we use the same type of power transmitters and
sensors. Especially, Node 1 refers to the sensor located at the
center of the square area and Node 2 refers to the other. We
can find that the minimum utility is always achieved at Node
1, and the computed utilities of both nodes are always larger
than the real utility for all the R, values, but the gap between
them is small and no more than 6.5%. The gap becomes 6.3%
if considering only the minimum utility. The slight difference
indicates the effectiveness of our modeling approach.

The computed adjusting factors for the charger 1 to 8 are
0.68, 0.59, 0.68, 0.59, 0.59, 0.68, 0.59 and 0.68, respectively,
when the EMR threshold R; is 105 W /cm?. Then, we divide
the square area into 9x9 grids, sample one EMR value for each
grid, and get 73 EMR values representing the grids except the
locations of 8 chargers. We plot the results in Fig. 13 to show
the EMR distribution over the whole area. We observe that all
the EMR values in the area are less than R;. The fact confirms
the correction of our area division algorithm. Moreover, more
than 83% of the EMR values in the area lie within the range of
50 uW/em? and 69 uW/cm?. This kind of EMR distribution
reflects the fairness of charging power.

IX. CONCLUSION
In this paper, we have studied the problem of maximizing
the minimum utility of devices with guaranteeing the EM-
R safety. We reformulated the problem by employing area
discretization method. Then, we addressed the problem using

I Computed Utility of Node
IlReal Utility of Node1
[l Computed Utility of Node2
[JReal Utility of Node2
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125

m)

X
Fig. 13.  An example of EMR distribution

two kinds of algorithms. The first named by Primal-Dual
algorithm is partially distributed and the second named by area
division algorithm is fully distributed and achieves (1 — €)-
approximation ratio. Finally, we conducted both extensive
simulations and field experiments to evaluate the effectiveness
of our proposed algorithms.
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